Observations with the Interstellar Boundary Explorer (IBEX) have shown enhanced energetic neutral atom (ENA) emission from a narrow, circular ribbon likely centered on the direction of the local interstellar medium (LISM) magnetic field. Here, we show that recent determinations of the local interstellar velocity, based on interstellar atom measurements with IBEX, are consistent with the interstellar modulation of high-energy (tera-electron volts, TeV) cosmic rays and diffusive propagation from supernova sources revealed in global anisotropy maps of ground-based high-energy cosmic-ray observatories (Milagro, Asg, and IceCube). Establishing a consistent local interstellar magnetic field direction using IBEX ENAs at hundreds to thousands of eV and galactic cosmic rays at tens of TeV has wide-ranging implications for the structure of our heliosphere and its interactions with the LISM, which is particularly important at the time when the Voyager spacecraft are leaving our heliosphere.
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T he heliosphere-the region surrounding our solar system that is carved out by the supersonic solar wind-moves through the local interstellar cloud (LIC), which is the part of the galactic environment surrounding the Sun. The heliosphere deflects much of the harmful cosmic-ray radiation from the local galactic environment, thereby regulating the radiation environment throughout the solar system, which likely has important implications for Earth's atmosphere and life (1) . The Interstellar Boundary Explorer (IBEX) recently provided updated values for the velocity vector of the heliosphere through the LIC (2) and direction for the local interstellar medium (LISM) magnetic field (Table 1 and Fig. 1 ) from the center of the IBEX ribbon of energetic neutral atom (ENA) emission (3) (4) (5) (6) (7) (8) (9) . These results show that the interstellar flow, after removing the motion of the Sun through the local standard of rest (LSR), is nearly perpendicular (87.6 T 3.0°) to the LISM magnetic field. The LSR describes the velocity frame in which the mean motion of the oldest stars in the Milky Way in the neighborhood of the Sun is zero and is the reference frame in which cosmic rays assume near uniformity (in velocity direction). The local interstellar magnetic field direction from the IBEX ribbon center is within~33 T 20°of the magnetic field direction derived by interstellar polarization data from stars within 40 pc (10, 11) . Here, we show that the anisotropy maps of high-energy (TeV) cosmic rays likely provide independent confirmation of the interstellar magnetic field orientation inferred from the IBEX ribbon center.
The flux of high-energy (TeV) galactic cosmic rays (GCRs) varies as a function of look direction in the sky. The large-scale structure in the TeV GCR sky consists of two broad asymmetries with flux variations of~0.2%: a deficit of GCR flux at high galactic latitudes (the "loss cone") and an excess of flux in the heliotail (12) direction [the "tail-in" excess (13) (14) (15) (16) (17) (18) (19) (20) (21) ]. Small-scale TeV anisotropies (<~10°) in cosmic-ray arrival directions possibly arise from cosmic-ray propagation in a turbulent magnetic field (22) . Because TeV GCRs have gyroradii of <700 astronomical units (AUs) (<0.005 parsec or pc; 1 pc = 3 × 10 18 cm = 200,000 AU) in the LISM, the observed GCR asymmetries must originate in the immediate interstellar environment of the Sun. This study extends and builds on increasing knowledge of the LISM magnetic field (3, 4, 10, 11, 23, 24) and interstellar flow (2, (25) (26) (27) (28) to understand the origin of the large-scale high-energy (TeV) cosmicray anisotropy, which has remained uncertain.
The observed cosmic-ray anisotropy has a number of features that may reflect ordering both by the entry of cosmic rays into the heliosphere and by the interstellar magnetic field. It has been found (13) that the tail-in excess weakens above 10 TeV because of the relative sizes of the GCR gyroradius and heliotail. Data from underground detectors in both hemispheres has led to precise positions of the asymmetries (14) . Additionally, the underground muon observatory Super-Kamiokande I obtained similar asymmetries for the 10-TeV GCR flux, with a deficit toward the constellation of Virgo representing the northern galactic deficit, and an excess in the direction of the heliotail, toward the constellation of Taurus (15) . The direction of the Taurus excess is within 29°of the local interstellar magnetic field defined by the IBEX ribbon (Table 1 ) and within 23°from the local interstellar downwind direction (2) . Milagro observations in the Northern Hemisphere (19) , in combination with IceCube observations in the Southern Hemisphere (20) , have confirmed that the galactic deficit is centered at high galactic latitudes and extends into both hemispheres (21) . A global GCR anisotropy model constructed with unidirectional and bidirectional components and applied to results of the Tibet Asg experiment attributed the bidirectional flow to GCRs drifting parallel to the local interstellar magnetic field.
The cosmic-ray anisotropy, according to standard diffusion theory [e.g., (29, 30) ], is proportional to the average streaming of cosmic rays. Here, we take a small [0.3% (31)] ratio of perpendicular to parallel diffusion, as well as an interstellar flow direction to be nearly perpendicular to the magnetic field on the basis of IBEX observations. In this parameter regime, cosmic rays are largely guided by the interstellar magnetic field because both the anisotropic and perpendicular components of the anisotropy ( fig. S1 ) are small compared to the field-aligned component.
We consider two scenarios for the formation of the cosmic-ray anisotropy. In the first scenario, the magnitude of the anisotropy is determined in part by spatial gradients in the average cosmicray density in response to the interstellar flow (eq. S6 in supplementary text). For example, an outward plasma flow from the center of the Lower Centaurus Crux (LCC) cluster (Fig. 1) pushes some cosmic rays out of the local interstellar environment in which the heliosphere resides. This creates a spatial gradient in the cosmic-ray density in the direction of the source and flow, which the average streaming (gray vector, Fig. 1 ) of cosmic rays tends to oppose.
The streaming direction of cosmic rays is determined on relatively small scales (on the scale of the cosmic-ray gyroradii, less than 1% of a pc), whereas the streaming magnitude is determined over much larger scales of tens of pc (32, 33) controlled
It is important to differentiate (34, 35) between the interstellar magnetic field on local scales (thousands of AU or~0.005 to 0.01 pc) and on larger (parsec) scales owing to the presence of turbulence (36) (37) (38) (39) (40) (41) . Turbulence disrupts steady flows by random motion. In the interstellar medium, turbulent motion causes tangling and complexity in the structure of the interstellar magnetic field. The coherence scale length in the interstellar medium-the approximate distance along which the magnetic field appears relatively ordered-is typically 1 to 10 pc (37). Hence, the average magnetic field direction at these scales could be very different than in the vicinity of the heliosphere. At the large field-to-flow angle (87.6 T 3.0°) found by IBEX (excepting the small region within 0.3°of exact perpendicularity, where perpendicular diffusion dominates for the 0.3% ratio of perpendicular to parallel diffusion taken here), the cosmic-ray density gradient becomes large so that the projection of the cosmic-ray streaming into the flow plane opposes the interstellar velocity. The cosmic-ray gradient in this case depends largely on the ratio of perpendicular to parallel diffusion. Reduced levels of perpendicular diffusion cause increased density gradients and thus stronger interstellar modulation of cosmic rays.
The~0.2% high-energy (TeV) cosmic-ray anisotropy suggests a magnitude for the ratio of perpendicular to parallel diffusion of only 0.3% ( fig. S1 ). This ratio is compatible with recent results (31), but an order-of-magnitude smaller than the derived~4% ratio of perpendicular to parallel diffusion (41) based on cosmic-ray lifetimes in the galaxy (39) . Simulations of cosmic-ray diffusion (42) similarly predicted a ratio of perpendicular to parallel diffusion of~2 to 4% at MeV to GeV energies, which are lower than the TeV energies considered here. The relatively small ratio of perpendicular to parallel diffusion of~0.3% may be a result of lower turbulence levels in the LIC compared to other portions of the galaxy.
In our second scenario for the cosmic-ray anisotropy, we consider the contributions of supernova remnants (SNRs) to the local cosmic-ray gradient (43) (44) (45) (46) (47) (48) . A statistical model of cosmic rays originating from SNR sources based on the temporal and spatial distributions of supernova sources (43) suggests that cosmic rays are injected locally by different sources and time dependently diffuse throughout the galaxy. In the case of the convective anisotropy (supplementary text, section 2), the cosmic-ray gradient is created by steady cosmic-ray diffusion against the interstellar flow. Therefore, the cosmic-ray gradient driven by SNRs depends on the time and spatial distribution of SNR sources. Because parallel diffusion in the LISM is far more rapid than perpendicular diffusion, cosmic rays have a strong tendency to stream along the interstellar magnetic field. Provided that the GCR density gradient along the LISM magnetic field has the same sign as that of the convective gradient and that the cosmic-ray density gradient produces a maximum anisotropy magnitude similar to that in observations, the anisotropy associated with diffusion from SNR sources has a global morphology similar to that of the convective anisotropy (supplementary text, section 5). That is, the dominance of parallel diffusion in the LISM can result in a similar global morphology for both the convective anisotropy and that driven by SNR sources.
We developed a model of the LISM magnetic field that is deflected around the heliosphere (supplementary text, section 3) and analyzed its influence on high-energy (TeV) cosmic-ray anisotropies. We constructed a sky map (Fig. 2) of cosmic-ray flux as viewed from the Sun, using Monte-Carlo calculations of 10 4 individual cosmic-ray trajectories in this perturbed magnetic field structure.
General ordering about the magnetic equator deduced from the IBEX ribbon is apparent in the high-energy (TeV) cosmic-ray observations (Fig. 2,  left) . Some features absent in the simulation results can be attributed to the model's lack of interstellar turbulence (22) that should cause small-scale Table 1 . LISM velocity and magnetic field direction. anisotropic structures, local GCR acceleration that may result in a more defined excess near the heliotail (21) , and asymmetric influences on the heliosphere by the interstellar magnetic field (49) (50) (51) (52) (53) . The modeled and observed anisotropies show some differences (e.g., the region from right ascension = -30 to 90°shows weaker modeled than observed anisotropies). That a similar ordering of the global cosmicray anisotropy maps is generated simply by taking into account IBEX observations of lowenergy interstellar neutral atoms to deduce the interstellar velocity, and the IBEX ribbon to deduce the local interstellar magnetic field direction reveals consistency with independent observations across 10 orders of magnitude in particle energy (keV energies in the IBEX ribbon compared to 10-TeV cosmic ray energies). Thus, local interstellar conditions play a key role in ordering veryhigh-energy (TeV) cosmic rays in the immediate interstellar environment of the Sun.
Nanoporous BiVO 4 Photoanodes with Dual-Layer Oxygen Evolution Catalysts for Solar Water Splitting
Tae Woo Kim and Kyoung-Shin Choi* Bismuth vanadate (BiVO 4 ) has a band structure that is well-suited for potential use as a photoanode in solar water splitting, but it suffers from poor electron-hole separation. Here, we demonstrate that a nanoporous morphology (specific surface area of 31.8 square meters per gram) effectively suppresses bulk carrier recombination without additional doping, manifesting an electron-hole separation yield of 0.90 at 1.23 volts (V) versus the reversible hydrogen electrode (RHE). We enhanced the propensity for surface-reaching holes to instigate water-splitting chemistry by serially applying two different oxygen evolution catalyst (OEC) layers, FeOOH and NiOOH, which reduces interface recombination at the BiVO 4 /OEC junction while creating a more favorable Helmholtz layer potential drop at the OEC/electrolyte junction. The resulting BiVO 4 /FeOOH/NiOOH photoanode achieves a photocurrent density of 2.73 milliamps per square centimenter at a potential as low as 0.6 V versus RHE. .4 eV) and has a favorable conduction band (CB) edge position very near the thermodynamic H 2 evolution potential (1, 2). However, the solarto-hydrogen (STH) conversion efficiency achieved with BiVO 4 to date has been far below what is expected because the material suffers from poor electron-hole separation yield (f sep ) (2-6). Previous efforts to improve the f sep of BiVO 4 mainly focused on doping studies, which were intended to improve its poor electron transport properties (2, (6) (7) (8) (9) (10) (11) (12) .
Here, we demonstrate that a high-surface-area, nanoporous BiVO 4 electrode composed of particles smaller than its hole diffusion length can effectively increase f sep without additional doping. Furthermore, we investigated the effect of an oxygen evolution catalyst (OEC) layer on the interfacial recombination at the BiVO 4 /OEC junction, water oxidation kinetics, and the Helmholtz layer potential drop at the OEC/electrolyte junction using two different OECs, FeOOH and NiOOH. Our understanding of the BiVO 4 /OEC/electrolyte junction resulted in the development of a new strategy to serially apply dual layers of OECs that can optimize both the BiVO 4 /OEC and the OEC/ electrolyte junctions simultaneously, enabling efficient utilization of surface-reaching holes for solar water oxidation.
